Morphological, biochemical, and membrane capacitance measurements were used to study the role of cortical filamentous actin (F-actin) in exoctyosis. Fluorescence and electron microscopy of resting chromaffin cells revealed a cortical actin network that excluded secretory vesicles from the subplasmalemmal area. Phorbol ester (PMA) treatment disrupted cortical F-actin and increased both the number of vesicles within the 0-50 nm subplasmalemmal zone and the initial rate of stimulated catecholamine release. In PMA-pretreated cells, membrane capacitance studies showed an increased number of vesicles fusing with the plasmalemma during the first two depolarizations of a train, PMA did not affect voltage-dependent Ca 2+ influx. The total number of vesicles fused with the plasma membrane correlated well with the number of vesicles occupying the 0-50 nm cortical zone. Therefore, cortical F-actin disassembly allows translocation of vesicles to the plasmalemma in preparation for exocytosis.
Introduction
During the past few years, experimental evidence has suggested that the cortical cell cytoskeleton might be involved in regulated secretion (for a review, see Trifar6 and Vitale, 1993) . Much of the work on the dynamics of the cytoskeleton during secretion has been carried out in adrenal chromaffin cells (Trifar6 et al., 1992) . These cells store their secretory products in specialized organelles, the chromaffin vesicles, and upon stimulation, the soluble content of the vesicles is released to the cell exterior by exocytosis (De Robertis and Vaz Ferreira, 1957; Viveros, 1974) . Electron microscopy has shown that under resting conditions, chromaffin vesicles are excluded from the subplasmalemmal area (Burgoyne et al., 1982) . Fluorescence microscopy using actin antibodies (Lee and Trifar6, 1981) and rhodamine-phalloidin (Cheek and Burgoyne, 1986) , a probe for filamentous actin (F-actin; Faulstisch et al., 1988) , revealed the presence of a cortical subplasmalem-~:Present address: Glaxo Institute for Molecular Biology, Geneva, Switzerland. mal network of actin filaments in chromaffin cells. In quickfrozen, deep-etched, digitonin-permeabilized chromaffin cells, actin filaments were observed running parallel to the plasma membrane, forming a nonuniform network (Nakata and Hirokawa, 1992) . Chromaffin vesicles interact with F-actin through anchoring proteins, such as a-actinin (Jockush et al., 1977; Bader and Aunis, 1983; Trifar6 et al., 1984) and fodrin (Aunis and Perrin, 1984) , promoting actin filament cross-linking, stabilizing the actin network (Fowler and Pollard, 1982; Trifar6 et al., 1984) , and preventing chromaffin vesicles from reaching the exocytotic sites at the plasma membrane (Trifar6 et al., 1984) .
Fluorescence microscopy has demonstrated that catecholamine secretion is accompanied by a focal and transient disruption of the cortical F-actin network (Cheek and Burgoyne, 1986; Trifaro et al., 1989; Marxen and Bigalke, 1991; Vitale et al., 1991; Nakata and Hirokawa, 1992) . A decrease in F-actin and a concomitant increase in G-actin, as evaluated by the DNase inhibition assay (Cheek and Burgoyne, 1986; Trifaro et al., 1989) , and a reduction in the amount of actin associated with the cytoskeleton also occur upon chromaffin cell stimulation or membrane depolarization (Burgoyne et al., 1989; Wu et al., 1992) . Moreover, in intact or permeabilized cells, the presence of substances that destabilize F-actin, such as cytochalasin D or DNase I, enhances stimulation-induced catecholamine secretion (Friedman et al., 1980; Lelkes et al., 1986; Sontag et al., 1988) . The above observations suggest that the cortical actin network must be locally removed for secretion to occur. Electrophysiological data agree with this hypothesis (Neher and Zucker, 1993) . It has been proposed that chromaffin vesicles may be in various states of releasability depending upon, in part, their proximity to the plasma membrane (Neher and Zucker, 1993; von RL~den and Neher, 1993) . Vesicles that are relatively close to the membrane may constitute a release-ready pool, and they release their content in seconds after stimulation (fast release). A second pool (or depot pool) of secretory vesicles would be responsible for the slow-rate secretion, which occurs after depletion of the first pool. However, there is no morphological evidence for either the existence of these functionally distinctive vesicle pools in chromaffin cells or the cellular structure that controls the delivery of vesicles to exocytotic sites.
The present study was undertaken to demonstrate whether the cortical F-actin network is indeed a barrier to secretion. Accordingly, we tested whether cortical F-actin diassembly would facilitate access of chromaffin vesicles to the plasmalemma and whether as a consequence of this, the initial rate of secretion would be increased. To do so, we took advantage of the fact that acute (6 min) incubations of chromaffin cells with phorbol myristate acetate (PMA) disrupts the cortical actin cytoskeleton (Grant and Aunis, 1990; Vitale et al., 1992a ) without a concomitant change in basal catecholamine secretion (Vitale et al., 1992a) . Under these conditions, if the number of secretory vesicles positioned at the plasma membrane has in- creased, an e n h a n c e m e n t in the initial rate of secretion upon stimulation should be expected. In resting cells, staining of F-actin with rhodaminephalloidin revealed a w e a k and diffuse cytoplasmic staining and a continuous cortical ring (Figure 1Aa ). Stimulation of cells with 10 -5 M nicotine or depolarization with 56 mM K ÷, both for 40 s, induced the disruption of the cortical fluorescent ring (Figures 1Ac and lAd) . B e c a u s e phalloidin is a probe for F-actin, the d i s a p p e a r a n c e of r h o d a m i n e f l u o r e s c e n c e indicates d i s a s s e m b l y of actin filaments at specific subplasmalemmal areas (Vitale et al., 1991) . Treatment of cells for 6 min with the inactive a n a l o g 4c~-PMA did not alter the normal cortical distribution of actin filaments ( Figure Chromaffin cell cultures are mixture of adrenaline-and noradrenaline-containing cells (75% and 25%, respectively). To determine whether cortical F-actin disassembly in response to nicotine or PMA was localized in one cell type or both, immunocytochemical studies were carried out on cells immunostained with antibodies against dopamine-I~ hydroxylase (D~H) or phenylethanolamine N-methyl transferase (PNMT; an enzyme present only in adrenalinecontaining cells) and subsequently stained with rhodamine-phalloidin. All cells showing F-actin disassembly following any kind of treatment were DJ3H-positive cells (chromaffin cells). The percentages of cells with cortical F-actin disassembly that were noradrenaline-containing cells (PNMT negative) or adrenaline-containing cells (PNMT positive) were calculated as described in Experimental Procedures. Under resting conditions, the ratio of adrenaline-and noradrenaline-containing cells in the ch romaffin cell population showing cortical F-actin disassembly was approximately 2.7 (Figure 2 ), which is very close to the adrenaline/noradrenaline-containing cells ratio found in our cell cultures. The ratio of adrenaline/noradrenaline-containing cells within the cell population with cortical F-actin disassembly was not altered by incubation of the cells with nicotine, 4(~-PMA, PMA, or a combination of these compounds ( Figure 2 ). The results indicate that these treatments equally affected the disassembly of cortical F-actin in adrenaline-and noradrenaline-containing cells.
Results

Disassembly of Cortical
Distribution of Chromaffin Vesicles after Cortical F-Actin Disassembly: An Electron Microscopy Study
The following experiments were carried out to investigate whether disruption of the cortical actin network facilitates the movements of secretory vesicles to the plasma membrane. Chromaffin cell suspensions were incubated for 6 rain with Locke's solution alone or containing either 10 -7 M 4a-PMA or 10 -7 M PMA, and then fixed and processed for electron microscopy. Analysis of the cells showed that peripheral chromaffin vesicles in resting ceNIs (data not shown) or in cells treated with 4a-PMA ( Figure 3a) were separated from the plasma membrane. As is better observed at higher magnification, the majority of chromaffin vesicles were excluded from a 150 nm subplasmalemmal zone (Figure 3a Vesicles within 50-100 nm of the plasma membrane are shown by closed arrowheads. This distribution of secretory vesicles in 4~-PMA-treated cells is also shown at higher magnification (a'). Cells incubated for 6 min with PMA prior to fixation showed an increased number of chromaffin vesicles in the cortical exclusion zone (b). Open arrowheads point to vesicles within 0-50 nm of the plasma membrane, and closed arrowheads indicate those within 50-100 nm. In (b') it can be seen, at higher magnification, that an increased number of chromaffin vesicles are within 0-50 nm of the plasma membrane. Magnifications, 9,234x (a); 10,773x (b); 51,072x (a' and b'). Bars, 1 ~.m.
vesicles were found closer to the plasma m e m b r a n e (Figure 3b ) than in either control or 4c{-PMA treated cells. It is interesting to note that in PMA-treated cells, vesicles closer to the p l a s m a m e m b r a n e a p p e a r e d clustered along the m e m b r a n e , suggesting that the cortical barrier was disassembled at specific s u b p l a s m a l e m m a l areas. Figure  3b ' shows at higher magnification the closer localization with respect to the plasma m e m b r a n e of chromaffin vesicles in PMA-treated cells. 
I i
Noradrenaline-contoining cells or noradrenaline-containing cells, a quantitative analysis of the number and the distance to the plasma membrane of the chromaffin vesicles positioned in the first row were performed for each experimental condition and for each cell type (Figure 4 ). In resting adrenaline-and noradrenaline-containing cells, the percentages of vesicles within 0-50 nm of the plasma membrane were less than half the percentage of vesicles within the immediately adjoining 50-100 nm area, again suggesting the presence of a cortical barrier to secretory vesicles. The number of first row secretory vesicles within 0-50 nm of the plasma membrane observed in resting cells increased 57% and 139% in both noradrenaline-and adrenaline-containing cells, respectively, after 6 rain of preincubation with PMA ( Figure 4 ; 0-50 nm). PMA also affected the percentages of vesicles within 50-100 nm of the plasma membrane, but the increase was smaller (Figure 4 ; 50-100 nm). The fluorescence and electron microscopy data suggest that treatment of chromaffin cells with PMA facilitates access of vesicles to the plasma membrane, most likely by disrupting the cortical actin cytoskeleton. If this assumption is correct, it might be expected that treatment of cells with PMA would enhance initial rates of catecholamine secretion induced by different methods of stimulation, such as nicotinic receptor stimulation, K+-induced depolarization, or application of a train of depolarizing pulses.
Disassembly of Cortical F-Actin Enhances the Initial Rate of Secretion under Different Experimental Approaches
In cells with endogenous catecholamine stores labeled with [3H]noradrenaline ([3H]NA), preincubation with 10 -7 M PMA, but not with 10 -7 M 4cL-PMA, increased the secretory response to nicotine ( Figure 5A ) and 56 mM K + ( Figure   5B ). The enhanced response was due, in both cases, to an increased initial rate of secretion, since it was observed 5-10 s after the secretory response was initiated ( Figures  5A and 5B, insets) . The results suggest that preincubation of chromaffin cells with PMA primes the cells for secretion. It is possible that the PMA-induced priming might be the consequence, at least in part, of an increased number of vesicles available for secretion as a result of an earlier cortical F-actin disassembly (see above).
The high temporal resolution of the membrane capacitance (Cm) measurement technique was used to measure the number of secretory vesicles fusing with the plasma membrane in response to Ca 2+ influx. The fusion of a single chromaffin vesicle is expected to cause an increase of 2.5 fF in Cr~ (Neher and Marty, 1982) . In untreated cells or cells pretreated for 5-6 min with 4c~-PMA (10 _7 M), a train of 10 depolarizing pulses evoked increases in Cm similar to that shown in Figure 5C (4~-PMA). Most of the secretory response occurred during the periods of Ca 2÷ influx, giving rise to discrete jumps in Cm. For the example shown in Figure 5C (4~-PMA), the amplitude of these jumps ranged from a maximum of 90 fF to 31 fF, corresponding to the fusion of 36 to 12 vesicles, in response to the second and tenth pulse, respectively. As previously obsewed by von R0den and Neher (1993) , Cm jumps were usually largest for the first and second pulse of the train and subsequently declined. In 4~-PMA-pretreated cells, the mean amplitude of the first and second ACre was 110 _+ 34 fF and 108 _+ 19 fF, respectively, compared with 56 _+ 20 fF and 36 -+ 8 fF (n = 6 cells) for the fifth and tenth pulse of a train (Figure 5d ).
Pretreating cells with the active phorbol ester PMA did not alter this pattern of secretion but did have significant effects on the initial rate of secretion. The trace shown in Figure 5C (PMA) is from a cell pretreated for 5 min with 10 -7 M PMA and subsequently stimulated with a stimulus equivalent to that used in the 4c~-PMA-treated cell. The amplitude of the first three Cm jumps, and therefore the rate of secretion during the first second of the train, were clearly increased by PMA. Similar results were found in the other five cells. In the example shown, the amplitude (C) Two-day-old chromaffin cells were treated for 5 min with 10 -7 M of either 4a-PMA or PMA immediately prior to establishing whole-cell recording. Secretion, measured as increases in membrane capacitance, was evoked with a train of 10 depolarizing pulses of 40-80 ms duration. Superimposed traces shown in (A) are representative of changes in membrane capacitance (Cm in fernptofarads) recorded in response to 10 pulses of 80 ms duration (gaps in a cell pretreated with 4e-PMA or PMA, as indicated). Cm recording was interrupted during application of each depolarization as indicated by gaps in the traces. PMA-treated cells consistently showed a larger membrane capacitance increase than 4e-PMA-treated cells in response to the same stimulus. (D and E) A summary of data from six paired cells. As shown (D), the average magnitude of the first and second capacitance jump is significantly longer in PMA compared with 4c~-PMA pretreated cells. This potentiation is restricted to the beginning of the stimulus; by the fifth pulse, the secretory rate is nearly the same in the two populations of the first Cm jum p is 269 fF, which, for a 80 ms depolarization, implies a maximum rate of 3362 fF/s or fusion of 1345 chromaffin vesicles per second, compared with a maximum rate of 450 vesicles per second in 4(~-PMA treated cells.
Results obtained from the 12 paired cells pretreated with the inactive and the active phorbol esters are shown in Figures 5D and 5E . Amplitudes of the first and second Cm jumps were consistently larger (2-to 3-fold) in PMA as compared with those of 4(~-PMA-treated cells ( Figure 5D ). The potentiation in ACr~ was limited to the beginning of the secretory response, since the mean amplitude of the response of the fifth and tenth pulse of a train were 69 _+ 18 fF and 24 _+ 1 fF (n = 6 cells), respectively, for both PMA and 4~-PMA-treated cells. Nevertheless, the total capacitance increase evoked by the train of depolarizations was 611 + 88 fF in 4(~-PMA-treated cells, a value that is lower than 1020 _ 129 fF, which is observed in PMA-treated cells ( Figure 5D ). In contrast to the large effects of PMA on the initial rate of secretion, no significant changes in the evoked Ca 2+ influx were observed (Figure 5E) .
To avoid the complications of the nonlinearity in ACres caused by the combined effects of Ca 2+ accumulation during a train of pulses, Ca 2+ and voltage-dependent inactivation of Ca 2+ channels, and secretory vesicle depletion, quantitative comparisons were made only between the first pulse given immediately after establishing whole-cell recording (ACre1). Furthermore, to compare data from different groups of cells, which even under control conditions show substantial variability in their Ca 2÷ currents and secretory responses (note SEM in Figures 5D and 5E ), it is helpful to look at the ratio of ACre1 to Ca 2+ ion influx. In PMA-treated cells, the mean chromaffin vesicles released per 1 x 107 Ca 2÷ during the first pulse was 11.8 _+ 3.5 (n = 6) compared with 5.2 __. 2.4 (n = 6) in 4e-PMA-treated cells.
Correlation between the Number of Vesicles Available at the Subplasmalemmal Region and Those Undergoing Exocytosis upon Cell Stimulation
To calculate the number and density of chromaffin vesicles in different cell regions and to correlate them with the number of vesicles undergoing exocytosis, it was essential to know several chromaffin cell and chromaffin vesicle parameters. Many morphometric analyses of chromaffin cells and their organelles have been published (Coupland, 1968; Fenwick et al., 1978; Phillips, 1982 Phillips, , 1987 Carmichael, 1987) . However, there are substantial differences among the published measurements. Moreover, published of cells. The Ca 2+ ion influx per pulse is summarized in (E). This was determined by integration of the corresponding Ca 2÷ currents recorded during the corresponding pulse. Ca 2+ currents recorded in PMA and 4c~-PMA treated cells were qualitatively and quantitatively similar, suggesting that the effects of PMA on the initial rate of exocytosis were not due to increases in Ca 2+ influx. Data shown in (D) and (E) are the mean _+ SEM of 6 values per experimental condition. Two-day-old chromaffin cells in suspension were fixed and processed for conventional electron microscopy as described in the Experimental Procedures section. Chromaffin cells on micrographs were classified as either adrenaline-or noradrenaline-containing ceils according to vesicle morphology. Cell, nucleus, and vesicle diameters and number of vesicles within a certain distance of the plasma membrane or within the cells were counted for each cell type by using a Macintosh Image 1.47 Program. Values shown are the mean ± SEM, and the number of measurement is indicated in parentheses.
papers often quote morphometric data obtained in other laboratories and have used these values in their calculations (Neher and Zucker, 1993; Thomas et al., 1993) . In our case, we decided to carry out morphometric analyses of chromaffin cells ( Table 1 ) that were on the same micrographs used in the studies described in the section on distribution of chromaffin vesicles after F-actin disassembly (see above). From these data, it was calculated that the peripheral secretory vesicle population (first row of vesicles) represents 21%-23% of the total cell vesicle population. Within the peripheral population of vesicles, those located very close to the plasma membrane (0-50 nm subplasmalemmal region) represent 1.24%-2.40% of total chromaffin vesicles. Using the data in Table 1 , the number of vesicles per cell located within the 0-50 nm subplasmalemmal region was calculated ( Table 2 ). The number of vesicles undergoing exocytosis was calculated from data obtained during the recording of membrane capacitance changes upon cell stimulation (see above), considering that fusion of a single chromaffin vesicle contributes 2.5 fF to the cell membrane capacitance (Neher and Marty, 1982) . As shown in Table 2 , there was a close correlation between the number of chromaffin vesicles within the 0-50 nm subplasmalemmal zone in either 4~-PMA-or PMA-treated cells and the total number of vesicles fused with the plasma membrane upon stimulation of cells equally treated with either 4(~-PMA or PMA.
Discussion
Although the role of the cytoskeleton in secretion has not been completely elucidated, experimental evidence suggests that cross-linked actin filaments at the cell periphery may represent an inhibitory influence, and that its removal or reorganization would prepare the cell for secretion (Trifar6 et al., 1984 (Trifar6 et al., , 1985 Cheek and Burgoyne, 1986; Vitale et al., 1991 Vitale et al., ,1992a . The present morphological, biochemical, and electrophysiological studies strongly support the hypothesis suggesting that localized elimination of F-actin at the cell periphery would facilitate translocation of chromaffin vesicles to the plasma membrane, allowing the vesicles to undergo fusion and exocytosis. Fluorescence microscopy studies showed that incubation of chromaffin cells with PMA, but not with its inactive analog, caused a focal disassembly of the cortical F-actin network. At the electron microscope level, cells incubated with Locke's solution alone or containing 4(z-PMA showed an exclusion zone approximately 150 nm underneath the plasma membrane, which contained very few chromaffin vesicles close to or in apposition with the plasma membrane. By contrast, in PMA-treated cells, an increased number of secretory vesicles in the exclusion zone was found. Our findings are in agreement with previous data showing few secretory vesicles close to the membrane in resting chromaffin cells and a small, although statistically significant, increase following nicotinic stimulation (Burgoyne et al., 1982) . We have also noticed in our experiments that in PMA-treated cells, secretory vesicles close to the plasma membrane were clustered. This observation relates quite well to the fact that PMA-induced disruption or reorganization of F-actin is highly localized, as suggested by the present fluorescence microscopy studies.
Taking into consideration the morphological data presented here, it is possible to suggest that PMA-induced disassembly of cortical F-actin facilitated the translocation to the plasma membrane (0-50 nm area) of those vesicles that were already in the proximity but separated from the plasma membrane by an actin filament barrier. If the cortical actin network indeed prevents secretion by blocking access of chromaffin vesicles to releasing sites on the plasma membrane, its removal should accelerate the initial steps of the secretory process. Here, we show that PMA enhanced secretion by increasing the initial rate of catecholamine release evoked by nicotinic receptor stimulation or cell depolarization induced by either K + or a train of electrical pulses. For the three different ways of inducing catecholamine release, the enhanced initial rate of secretion was evident at very short times after initiation of the secretory response. It is tempting to speculate, as our morphological data suggest (see Table  2 ), that the increased initial rate of secretion might be the result of a larger number of chromaffin vesicles available for exocytosis.
The membrane capacitance technique allowed us to evaluate the number of vesicles fusing with the plasma membrane in response to a stimulus. We assumed that the fusion of each chromaffin vesicle contributes 2.5 fF of membrane capacitance (Neher and Marty, 1982) . Chromaffin cells preincubated with PMA had an increased number of vesicles fusing with the plasma membrane as a result of depolarization when compared with 4a-PMAtreated cells. The potentiation was restricted to responses evoked early in a train of depolarizations. During the first 80 ms, 4(~-PMA-treated cells exocytosed vesicles at a rate of 511 _ 224 vesicles per second, whereas PMA treated cells released 1240 _ 262 vesicles per second, confirming that PMA-treated cells had an increased pool of release-ready chromaffin vesicles. The number of vesicles fused with the plasma membrane derived from the total membrane capacitance increase evoked by the train of depolarizations is very close to the number of vesicles observed within 0-50 nm of the plasma membrane ( Table  2 ). The capacitance data strongly suggest that following the disassembly of cortical F-actin, an increased number of cortical chromaffin vesicles were freed to reach the plasma membrane. This would explain the larger number of chromaffin vesicles ready to fuse with the plasma membrane and the higher initial rate of the subsequent induced catecholamine release. It has been suggested that secretory vesicles close to the plasma membrane are in a release-ready state and may account for an initial rapid exocytotic burst (Neher and Zucker, 1993; Thomas et al., 1993) . The present results strongly support the hypothesis of Neher and Zucker of secretory vesicle pools. This hypothesis correlates different speeds of the secretory response (fast and slow release) with the existence of different secretory vesicle pools characterized by their proximity (availability) to the plasma membrane (Neher and Zucker, 1993) . It is possible that secretory vesicles found in our experiments to be very close to the plasma membrane (0-50 nm zone) might constitute what Neher and Zucker call the release-ready pool of vesicles. Moreover, von RSden and , by applying a train of electrical pulses separated by 1 s intervals, observed that release obtained during the first and second electrical stimuli was much larger than during the later pulses. When a 60 s period of recovery was allowed, cells showed a secretory response similar to the initial one when a comparable stimulus was applied. They concluded that the size of the pool of release-ready vesicles that determines the magnitude of the initial response needs to be replenished so a subsequent stimulus would produce a similar secretory response. Here, we have shown that the so-called releaseready vesicle pool (0-50 nm zone) could be increased by cortical F-actin disassembly, allowing the translocation of a larger number of secretory vesicles to release sites on the plasma membrane.
Although the mechanisms of increasing secretory vesicles at release sites is not well known, one possibility is that cell stimulation activates a mechanism to induce the elimination of the F-actin barrier in certain cortical areas, facilitating exocytosis. In chromaffin cells, redistribution of actin filament cross-linking proteins, such as fodrin, occurs following stimulation (Perrin and Aunis, 1985) . Cell stimulation or depolarization also redistributes scinderin, an actin filament-severing protein; this event takes place along with cortical F-actin disassembly (Vitale et al., 1991) . We have recently suggested that the entry of Ca 2÷ may activate Ca2÷-dependent actin filament-severing proteins such as scinderin. This protein would sever actin filaments and create areas of low viscosity and high secretory vesicle mobility. In agreement with this possibility is the observation of a preferential localization of exocytotic pits in cortical areas deficient in F-actin (Vitale et al., 1991; Nakata and Hirokawa, 1992) .
Finally, there are several ways PMA can induce disassembly of cortical actin filaments. First, the effects of PMA might be mediated by PKC activation, since 4~-PMA had no effect on F-actin disassembly, translocation of chromaffin vesicles, or the initial rate of secretion. Moreover, three different PKC inhibitors blocked PMA-induced effects. We have shown that PMA can redistribute chromaffin cell scinderin (Rodriguez Del Castillo et al., 1992) . However, cortical F-actin disassembly in PMA-treated cells might not be mediated by scinderin, since the severing activity of this protein is dependent on Ca 2+, and PMA does not induce any changes in either intracellular Ca 2+ or Ca 2÷ • influx ( Figure 5E ; Vitale et al., 1992a) A series of cytoskeleton-related or regulatory proteins have been shown to be targets for PKC, among them, myosin light chain (Naka et al., 1983 ) and the myristoylated alanine-rich C-kinase substrate (MARCKS; Wu et al., 1982) . Phosphorylation of MARCKS by PKC causes its release from the plasma membrane, whereas its dephosphorylation leads to its reassociation (Wang et al., 1989; Thelen et al., 1991) . MARCKS is also an actin cross-linking protein whose activity is impaired by phosphorylation by PKC and/or binding to Ca2÷-calmodulin (Hartwig et al, 1992) . These findings raise the possibility that PMA-induced cortical F-actin disassembly or reorganization might be mediated by a reduced cross-linking activity of MARCKS, owing to its phosphorylation by PKC. However, even though MARCKS has been found in bovine adrenal tissue (Albert et al., 1986; Stumpo et al., 1989) , there is still no evidence that the protein is expressed in chromaffin cells. In addition, PKC activation has been shown to affect other cytosolic factors involved in the regulation of secretion, such as calpactin (Sarafian et al., 1991) and p145 (Nishizaki et al., 1992) . However, whether or not these cytosolic factors affect F-actin disassembly remains to be elucidated.
In conclusion, we have demonstrated that the disassembly of the actin cytoskeleton in some cortical areas leads to an increased number of chromaffin vesicles available for membrane fusion and exocytosis and, therefore, to an enhanced initial rate in catecholamine secretion. Our results strongly demonstrate that the cortical actin cytoskeleton in chromaffin cells represents a negative control for secretion and that it must be locally disrupted or disassembled to allow exocytosis of chromaffin vesicles.
Experimental Procedures
Chromaffin Cell Culture Bovine adrenal glands were obtained from a local slaughterhouse, and ch romaffin cells were isolated by collagenase digestion and further purified using a Percoll gradient (Trifaro and Lee, 1980) . Chromaffin cells represented 90%-95% of the isolated cells; the remaining cells were fibroblasts (4%-9%) and cortical cells (1%). Cells were plated according to the specific study to be performed and grown at 37°C in a humidified incubator under CO2-air atmosphere for 36-72 hr.
Fluorescence Microscopy
Chromaffin cells were plated on collagen-coated coverslips contained within plastic petri dishes at a density of 0.3 x 106 cells per 35 mm dish. Cultured cells were rinsed with Locke's solution (154 mM NaCI, 2.6 mM KCI, 1.25 mM K2HPO4, 0.50 mM KH2PO4, 1.2 mM MgCI2, 2.2 mM CaCI2, 10 mM D-glucose [pH 7.2]). Cells were then incubated for different periods of time with Locke's solution in the absence or presence of different compounds. Following these incubations, chromaffin cells were fixed in 3.7% formaldehyde and processed for fluorescence microscopy as described previously (Lee and Trifar6, 1981) . Cells were permeabilized with acetone, washed with phosphatebuffered saline (PBS; 130 mM NaCI, 100 mM Na-phosphate [pH 7.0]), and incubated for 60 rain at room temperature with a blocking solution consisting of 1% bovine serum albumin (BSA) in PBS. Chromaffin cells were double-stained for F-actin and for D~H, an antigen present in adrenaline-and noradraline-containing cells. Therefore, only changes occurring in the cortical actin network of chromaffin cells were recorded and analyzed. Cells were incubated with a polyclonal DI3H antibody previously characterized in our laboratory (Trifar6 et at., 1976 ; t:500 dilution in 0.1O/o BSA in PBS) for 60 rain at 37°C. Coverslips were thoroughly washed with PBS and further incubated with goat antirabbit IgG-fluorescein isothiocyanate conjugate (1:250 dilution in 0.1% BSA in PBS; Sigma, St. Louis, MO) for 60 rain at 37°C. Preparations were washed with PBS and incubated 40 rain in the dark and at room temperature with rhodamine-phalloidin (0.25 U/ml; Molecular Probes, Eugene, OR). Finally, coverslips were rinsed with PBS and mounted in glyceroI-PBS (1:1). Slides were observed with a Leitz Ortholux fluorescence microscope equipped with a 200 W high pressure lamp and a Ploemopack II incident light illuminator (Vitale et al., 1991) . Photographs were taken with Kodak-Tri-X pan films (400 ASA). To study the effect of several treatments on the percentage of cells showing cortical F-actin diasssembly, 100 single-rounded chromaffin cells (D~H positive) per coverslip (usually 8 coverslips pen experimental condition) were examined. Each cell was classified as having either a continuous or discontinuous cortical rhodamine (F-actin) fluorescent ring. The percentage of chromaffin cells showing cortical F-actin disassembly (discontinuous rhodamine fluorescent ring) was calculated for each experimental condition. To avoid personal bias, code numbers were given to each coverslip. The cells were examined and classified without knowing whether they were from control or treated preparations. Only after all coverslips were examined and the results recorded were the codes revealed to identify the experimental conditions used (single-blind design). To studywhether stimulation with nicotine and/or pretreatrnent with phorbol esters differentially affected cortical F-actin disassembly in adrenaline-or noradrenaline-containing cells, cultures were incubated with nicotine, 4a-PMA, or PMA, as expiained above, and double-stained for either F 
Video-Enhanced Image Processing
Quantitative analysis of cortical rhodamine fluorescence (F-actin) was performed by using a Hamamatsu Photonic KK Argus-50/CL Image Processor (Hamamatsu Photonic Systems, Bridgewater, N J). The fluorescence microscope was coupled to the video camera (Carl Zeiss, TV3M model), which was connected to the Argus 50-linage processor. Video camera control parameters (i.e., gain, offset, and sensitivity) were adjusted by using the image of a resting chromaffin celt on the monitor. Control parameters were set up to obtain a clear image of the cell on the monitor and a fluorescence intensity of 250 (arbitrary units) in the cortical region of the cell. Image analysis of other cells was carried out without modifying the video camera control parameters. The three dimensional graphic analysis represents the coordinates of the equatorial plane of the cell as the X and Y axes and the fluorescence intensity of this plane as the Z axis. The image stored in the memory is constructed of 16 bits containing 512 horizontal pixels by 483 vertical pixels.
Electron Microscopy
Chromaffin cells were plated at a density of 5 x 106 cells per dish. After 36 hr in culture, cells were gently scraped oft, washed with Locke's solution, and incubated for 6 rain with Locke's solution alone or containing either 10 7 M 4~-PMA or 10 7 M PMA. At the end of this period, cells were fixed for 45 rain with a solution containing 2% paraformaldehyde, 2% glutaraldehyde, and 0.25°/o CaCI2 in 0.1 M cacodylate buffer (pH 7.2). Cells were washed twice with 0.1 M sodium cacodylate buffer, then once with 0.1 M sodium phosphate buffer (pH 7.2). The cell pellets were mixed with 80 ~1 3% agarose in 0.1 M phosphate buffer at 80°C. This mixture was allowed to cool and harden and then cut into small pieces to be processed for electron microscopy. Preparations were osmicated, dehydrated in a graded series of ethanol, and embedded in an Araldite-EPOM mixture. Thin sections were stained with uranyl acetate and lead citrate and obsenfed in a Philips EM 300 at 40 kV. Micrographs were taken, and cells were classified as adrenaline-or noradrenaline-containing cells according to the morphological characteristics of the vesicles (Tramezzan i et al., 1964) . The number of secretory vesicles and the distances between the plasma membrane and the membrane of the vesicles closest 1:o it (peripheral vesicles) were measured using a Macintosh Image 1.47 Program. For each cell, the percentages of the vesicles within the first row that were at 0-50 nm or 50-100 nm from the plasma membrane were calculated. Vesicle counting was performed without knowing whether cells were from control or treated preparations (single-blind design; see above).
Catecholamine Release
Catecholamine output was assessed by measuring [3H]NA output as described previously (Kenigsberg and Trifar6, 1980) . Under these conditions, there is a parallel and concomitant release of endogenous catecholamines and [3H]NA upon stimulation of the cells (Trifar6 and Lee, 1980; Vitale et al., 1992b 
Electrophysiological Recordings
Whole-cell membrane currents were recorded with an EPC-7 patchclamp amplifier (List Electronic). Exocytosis was monitored on-line, as were changes in cell membrane capacitance (ACre), with a softwarebased capacitance detection technique. A sinusoidal voltage (1.2 kHz, 30 mV peak to peak) was added to the cell holding potential, and the resulting current was analyzed at two orthogonal phase angles as described by Joshi and Fernandez (1988) . The phase angle was adjusted automatically every 18 s using the phase tracking technique (Fidler and Fern~.ndez, 1989) . Each data point represents the average of 10 sinusoidal cycles and was collected with a temporal resolution of 16 ms. Cm trace calibration was obtained by temporary displacement of the C~tow compensation network of the amplifier by 100 fF. Exocytosis was triggered by interrupting the sinusoid and applying a train of 10 depolarizing pulses of 40-80 ms duration to +20 mV at 2.5 Hz. The potential was returned to the holding potential of -90 mV after each pulse and the sinusoid restarted after a lag of -50 ms. The first Cm point measured after application of each voltage step was calculated at -68 ms after the end of the voltage step. Chromaffin cells cultured for 36-48 hr were patch-clamped with 1.5-2.5 M~ electrodes coated with sylgard. The internal solution consisted of 145 mM Cs-D-glutamate, 10 mM HEPES, 9.5 mM NaCI, 2 mM Mg-ATP, 0.3 mM BAPTA (pH 7.2, adjusted with CsOH). Cells were superfused continuously (3 ml/min) with extracellular solution consisting of 130 mM NaCI, 2 mM KCI, 1 mM MgCI2, 5 mM CaCI2, 10 mM glucose, and 1 mM tetrodotoxin (pH 7.2, adjusted with NaOH). PMA and 4a-PMA were added to the superfusate at the final concentration of 10 7 M (0.01% dimethyl sulfoxide) for 5 min, prior to break-in. Cells were stimulated within 1 rain of going whole-cell. A fresh dish of cells was used for each experiment. The ACre triggered by each voltage pulse of a train was determined by averaging 4 Cm points immediately before application of a pulse and subtracting this value from the average of 4 Cm points acquired immediately before the voltage pulse. The Ca 2÷ ion influx per pulse was determined by integration of the Ca 2+ recorded during each depolarization. Leak currents were obtained at the beginning of the train by averaging and scaling currents recorded in response to 16 voltage steps to -110 mV. Limits for integration were set at the beginning and end of the Ca 2+ current.
